Various x-ray techniques have been applied to a study of semiconductor superlattices consisting of 100-period of In x Ga 1Ϫx As ͑15 Å͒/GaAs ͑100 Å͒ grown on GaAs͑100͒ substrates by molecular beam epitaxy. Structural parameters pertaining to the morphology of interfaces and thickness variations were obtained. The interfaces in these superlattices are found to be highly correlated, and the layers all show a high degree of crystallinity. Splittings in the x-ray reflectivity and diffraction patterns in one of the samples provide clear evidence for pronounced thickness modulation, and direct comparison of the diffraction satellite peaks with results of high resolution transmission electron microscopy indicates that there exists a lateral structural ordering in the ͓110͔ direction during epitaxial growth.
I. INTRODUCTION
It has been known for some time that the morphology of interfaces in semiconductor superlattices can have profound effects on the physical properties of these technically important materials. For a pseudomorphic multilayer structure consisting of thin layers of dissimilar semiconductors, it is possible to achieve electronic energy band ''tailoring'' by a control of strain in the material due to lattice mismatch, and to adjust their electronic and optical properties to suit the needs in some device applications. 1 When the layer thickness of the constituent semiconductors exceeds a so-called critical thickness, the coherent strain becomes unstable against lattice relaxation in the layer semiconductors, which will give rise to disordered structural changes such as formation of misfit dislocations and clusters. 2 On the other hand, it is conceivable that the coherent strain could also be partly released in the form of morphology changes in the layer materials such as structural ordering in a low dimension ͑e.g., thickness modulation 3 in a certain preferred direction͒ or the appearance of roughened interfaces. 4 The value of critical thickness is usually not precisely defined in practice, and partial lattice relaxation could take place in a finite range of film thickness variation. For a physical understanding of the process of structural changes in this critical regime, it would seem desirable to investigate these possible structural changes under different strain conditions prior to lattice relaxation. To this end, it is useful to perform measurements of both the interfacial structure͑s͒ and strain in layer structures prepared under different processing conditions. A combination of the techniques of x-ray diffraction ͑XRD͒ and grazing incidence x-ray scattering ͑GIXS͒ is well suited for this purpose.
X-ray scattering measurements are useful for probing spatial variations of electron density in matter. The GIXS technique is particularly suited for investigating layered structures, from which important structural parameters such as layer thickness, interfacial roughness, correlation lengths of local structural disorder, etc. can be determined. This technique also offers a significant capability for nondestructive characterization of buried interfaces, thus is especially useful for studying the effect of morphology changes in semiconductor superlattices.
In an earlier report 3 we presented some results of x-ray large angle scattering and high resolution transmission electron microscopy ͑HRTEM͒ studies of a InGaAs/GaAs superlattice ͑sample No M1400͒, which revealed lateral thickness modulation in the ͓110͔ direction with a quasiperiod of 400 Å. The x-ray results are in good agreement with the direct observation of spatial variation by HRTEM, and the material may also be viewed as a grown-in array of quantum wires. In the present work, we have extended the previous studies by performing new measurements of GIXS. Further, for the purpose of comparison, we have applied the combined techniques of GIXS and XRD to investigate two additional superlattice samples consisting of the same materials but prepared under different processing conditions.
II. EXPERIMENT
The x-ray scattering experiments were carried out at X3B1 beamline at National Synchrotron Light Source ͑NSLS͒, Brookhaven National Laboratory. The experimental setup and procedures, as well as methods for data analysis, have already been reported elsewhere.
3-5 The x-ray beam from the NSLS storage ring was monochromatized by a Si͑111͒ double crystal monochromator, and the x-ray was chosen to be 10 keV in the present experiment. A set of slits was used to collimate the x-ray beam and define the angular resolution of the experimental system. The incident beam intensity was monitored by an ionization chamber filled with nitrogen, the scattered x-ray was measured by a scintillation detector. The sample and scattering detector were secured on two arms of a two-circle goniometer. By choosing different scan modes, different paths in the reciprocal lattice space can be investigated, thus allowing the flexibility to probe microstructures in both directions parallel and perpendicular to the surface of superlattices. The samples used in this study are InGaAs/GaAs superlattices grown on GaAs͑100͒ substrates. Each superlattice sample contains 100-period of 15 Å In x Ga 1Ϫx As and 100 Å GaAs, all grown on undoped, semi-insulating GaAs substrates mounted with indium-solder in a Varian GenII molecular beam epitaxy ͑MBE͒ system. The growth temperature, measured by using a two color Williamson optical pyrometer, was 480°C for sample M1400 ͑xϭ0.535͒ and M1512 ͑xϭ0.53͒, and 510°C for M1513 ͑xϭ0.53͒, respectively. The As/III beam equivalent pressure ratio in the InGaAs layer was ϳ24 for M1400; 12 for M1512 and M1513. The growth rate was nominally set at 1.0 m/h for the InGaAs layers and 0.47 m/h for the GaAs layers.
In our GIXS experiment, both the specular reflectivity and longitudinal diffuse scattering ͑LDS͒ were measured. These results provide information on the overall superlattice structural parameters such as the average value of layer thickness, interfacial roughness etc. In XRD ͑large angle x-ray scattering͒ studies, the x-ray diffraction pattern around the GaAs substrate ͑002͒ peak was measured to investigate the crystalline structure in the superlattices. In addition, x-ray rocking curves around the ͑002͒ peak were measured to probe the lateral structural changes from which information on thickness modulation or structural changes parallel to the sample surface can be obtained.
III. RESULTS AND DISCUSSION
Reflectivity results obtained from GIXS measurements of three samples are shown in Fig. 1 ͑solid curves͒. The dashed curves beneath each of the reflectivity curve shown in Fig. 1 are the results of LDS, measured by offsetting the detector angle from the specular peak position by a small but constant angle of 0.1°. In these plots, the LDS curves were shifted downward by half an order of magnitude for the sake of clarity.
It should be noted that for these three samples studied, the LDS curves all show patterns similar to those of the specular reflectivity. The positions of the conspicuous peaks in LDS also coincide with the superlattice diffraction peaks shown in the specular reflectivity curves. As it has been studied in a similar experiment by Lagally and his co-workers, 6 the total interfacial roughness can be decomposed into uncorrelated and correlated parts. In an x-ray scattering experiment, the diffuse scattering intensity arising from uncorrelated interfacial roughness spreads out uniformly in the reciprocal lattice space, thus giving rise to a featureless background. On the other hand, diffuse scattering due to correlated roughness from different interfaces of a superlattice retains the phase relation in the same way as in specular scattering. Hence, the diffuse scattering intensity arising from the correlated interfacial roughness shows peaks where the Bragg condition pertaining to the superlattice period is satisfied, i.e., Q z ϭ2n/D, here D is the bilayer thickness in the superlattice; this condition is the same as for specular reflectivity. This close resemblance between specular and diffuse scattering serves as a clear indication that the interfacial structures are strongly correlated in the superlattices. 5, 6 In the present case, the interfacial roughness ͑microscopic thickness variation/undulation͒ actually propagates from the bottom layer to the top layer during epitaxial growth. The correlation length in the growth direction is therefore larger than the total sample thickness.
To a first order approximation, the position of peaks in the reflectivity for a bilayer superlattice is governed by the condition that the phase difference of the x-ray beams scattered from adjacent bilayers is equal to multiples of 2, i.e., 2 Re͑P z1 ͒D 1 ϩ2 Re͑P z2 ͒D 2 ϭ2m, mϭϮ1,Ϯ2,..., ͑1͒
where D 1 and D 2 are the layer thickness for the two constituent semiconductors in the superlattice, respectively; P zi ϭ kͱn i 2 Ϫcos 2 m is the complex wave vector in the normal direction for the ith layer; Re(Z) denotes the real part of a complex number Z; q zm ϭ2k sin m marks the position of mth peak in the reflectivity curve.
For samples M1512 and M1513, the reflectivity profiles in Fig. 1 both show a single frequency of oscillations. Since the peaks in the reflectivity data arise from interference of x-rays reflected from different interfaces, the layer thickness ͑or the periodicity of the superlattice͒ can therefore be determined from the peak positions. These well-defined frequencies also suggest a very uniform distribution of layer thickness for each constituent in these two superlattice structures.
Layer thickness determination is demonstrated in Fig. 2 , where the measured peak positions for these superlattices are shown with solid squares as a function of the peak order m as defined in Eq. ͑1͒. The solid lines in the plots for M1512 and M1513 are obtained from calculated peak positions based on Eq. ͑1͒. The excellent fit is consistent with a high degree of uniformity in the film thickness in these two superlattices. From these plots, the thickness of the InGaAs layer was found to be 15.7 and 13.0 Å for M1512 and M1513, respectively. For convenience, the GaAs layer thickness was assumed to be 100 Å subjected to a small percentage error. The absolute error in these thickness values is around 1 Å.
In contrast to the samples M1512 and M1513, the reflectivity profile pattern for the sample M1400 is more complicated, as shown in Fig. 1 . Each peak in the reflectivity profile of M1400 is split into two peaks and the distance between them increases with q z . This can be interpreted as a superposition of two reflectivity profiles arising from two superlattices with different periods. This is in accord with our earlier TEM study of this sample M1400 from which a thickness modulation in the InGaAs layers was found, giving rise to two different InGaAs layer thickness in the superlattice. 3 To compare with experimental data, calculations based on Eq. ͑1͒ with two different thickness for the InGaAs layer were performed, as shown in Fig. 2 for this sample. The thickness values of 6.8 Å ͑solid line͒ and 23.6 Å ͑dashed line͒ were found that best fit the data. Since the interfaces are strongly correlated with each other, the regions with larger InGaAs thickness therefore form a columnar structure, as also observed in our TEM studies. 3 The diffraction patterns around the GaAs ͑002͒ peak for all three samples are shown in Fig. 3 . The scattered angle was kept equal to the incident angle in these scans. The x-ray scattering wavevector is perpendicular to the sample surface as well as the interfaces, the results hence provide structural information in the vertical direction. Satellite peaks arising from the superlattice structure in both M1512 and M1513 are quite regular, consisting of a main peak and subsequent peaks corresponding to different orders of the satellites. The distance between the subsequent peaks is related to the periodicity in the superlattice through the Bragg's law:
where D is the periodicity in the superlattice structure, i.e., the thickness of each bilayer, and is the wavelength of x-ray beam. From the results shown in Fig. 3 , the bilayer thickness values for M1512 and M1513 are found to be 115.5 and 112 Å, respectively. These values determined from the diffraction patterns are in good agreement with those obtained from our reflectivity measurements. On the other hand, a splitting of the satellite peaks is observed in the diffraction pattern of M1400, as also shown in Fig. 3 . The origin of this splitting is the same as that in the reflectivity profile, i.e., the thickness of the InGaAs layers varies as a result of thickness modulation. As the incident x-ray beam covers a macroscopic area ͑ϳ0.1 mm 2 ͒, scattering from different parts of the superlattice structure thus undergoes different phase changes due to the layer thickness variation. This diffraction pattern of sample M1400 can therefore be viewed as resulting from two superlattices with different periods. Simple analysis of these two sets of satellite peaks yields the thickness of the GaAsϩInGaAs bilayer to be 122.3 and 107.6 Å, respectively. These values are again in good agreement with those obtained from our reflectivity measurements. The results of vertical periodicity ͑bilayer thickness͒ measurements for all three superlattice structures obtained from x-ray reflectivity and diffraction are summarized in Table I that these superlattices must have a high degree of crystallinity and nearly constant bilayer thickness throughout the entire layer structure.
In addition to the GIXS and XRD experiments, we have also performed rocking curve measurements of these superlattices in which the sample was rotated while the detector was fixed at a position corresponding to the ͑002͒ diffraction peak. In this configuration, the scanning path in the reciprocal space is parallel to the sample surface, hence these measurements can probe variations in the lateral direction in these superlattices. For each sample, rocking curves were obtained for two mutually perpendicular lateral directions along ͓110͔ and ͓110͔ by rotating the sample through 90°in a plane parallel to its surface. The results are shown in Fig. 4 , where the solid lines denote the rocking curves in the ͓110͔ direction and dashed lines are for the ͓110͔ direction. Since all the samples were grown under very similar conditions except for slight differences in the growth temperature and in the In content for the InGaAs layers, the structures in these samples are expected to be similar.
In Fig. 4 , it is interesting to note that the three samples studied here all show some degree of lateral structural modulation in the ͓110͔ direction ͑solid curves͒, as indicated by the appearance of satellite peaks in addition to the superlattice main peak for this direction. In view of the size of the satellite peaks, it is tempting to conjecture there may be a lateral long-range structural ordering in a plane parallel to the superlattice surface. This suggestion of structural ordering was actually borne out by our direct observations of M1400 using HRTEM. 3 In this sample, such a lateral structural ordering is evidenced by the presence of long-range periodic arrays of structures with a spacing around several hundred Angstroms, consistent with the position of the satellite peaks. This direct comparison between the rocking curves and HRTEM therefore helps establish our identification of the satellite peaks in Fig. 4 as arising from a lateral structural ordering occurred during MBE growth. On the basis of this direct comparison, the satellite peaks in the ͓110͔ rocking curves can be taken as an indication of lateral structural ordering in all three samples, except that the effect is more pronounced for M1400 than in the other two samples. This is also consistent with the observed splittings in the reflectivity and diffraction patterns of this sample. From detailed analysis of the position of these additional peaks, an average distance of the lateral structural ordering can be obtained. The lateral periodicities are found to be 412, 672, and 979 Å for sample M1400, M1512, and M1513, respectively, also presented in Table I .
In contrast, for the ͓110͔ direction, all three samples show no additional peaks in the rocking curves. This implies that lateral structural ordering ͑or thickness modulation͒ occurs only in the ͓110͔ direction. In the past, structural ordering in semiconductor superlattices similar to our observations has also been reported for GaInAsP multilayers and ͑GaAs͒ n /͑InAs͒ m superlattices 7, 8 in TEM studies. The appearance of a highly anisotropic thickness modulation in semiconductor superlattices could be related to strain relaxation along a preferred direction. 9 The formation of structural defects giving rise to structural ordering or thickness variation in strained InGaAs/GaAs heterostructures grown by MBE has also been studied in the past by Guha et al. 10 The occurrence of lateral structural ordering could be of technical interest, as it might suggest a way to prepare built-in arrays of quantum wires by controlling the MBE growth condition. The quality of this lateral thickness modulation naturally depends on the processing parameters such as stoichiometry and growth temperature, etc. Our results indicate that the growth conditions used for sample M1400 is more compatible with ordering in the ͓110͔ direction. In this particular case, the effect of lateral structural ordering is so strong that it even induces a strong thickness modulation which can be easily observed in x-ray reflectivity, diffraction, and TEM micrographs. The nature of epitaxial growth and kinetics for dissimilar semiconductors that are responsible for the formation of quantum wirelike structures are apparently very complicated. More work will be necessary to investigate the underlying physical mechanisms. 
IV. CONCLUSION
In conclusion, we have studied GIXS, XRD, and rocking curves for three different InGaAs/GaAs superlattices and obtained useful structural information pertaining to the surface morphology and correlation between interfaces in these layer structures. A combination of these x-ray techniques proves to be a powerful tool for the investigation of structural changes in these layer materials. Of particular interest is the observation of lateral structural ordering as a result of strain energy release in a preferred direction. This approach suggests a potentially useful method for fabricating built-in arrays of quantum wires by heteroepitaxy.
